Mammalian hepatitis B viruses encode a unique regulatory protein termed X, which is essential for infection and likely plays a role in the carcinogenic process associated with hepadnaviral infection. Among the numerous properties ascribed to X protein, two have been widely documented: promiscuous transcriptional transactivation and proapoptosis. However, full understanding of the mechanisms underlying these activities requires the identi®cation of the genuine X partners among the multiple X-binding host proteins. Here we show that (i) mutations in X protein, which markedly alter anity for the host protein UVDDBp127, inactivate both transactivation and proapoptosis; (ii) ectopic fusion of a functional UVDDB-binding domain to a de®cient binding X mutant restored its activity; (iii) in contrast to the loss-of-binding mutants, a mutant with a strong gain-of-binding exerted trans-dominant negative eects on wt X activity and localized in the nucleus and (iv) increase in intracellular UVDDB concentration enhanced both wt X-mediated transactivation and apoptosis. Taken together, our data provide strong evidence for a common upstream step in X mode of action, consisting of its productive interaction with UVDDB, via a structurally and functionally autonomous module. In addition, they underscore a nuclear location step of the viral protein that depends on its ability to bind UVDDB. Oncogene (2000) 19, 4417 ± 4426.
Introduction
Chronic infection by the human hepatitis B virus (HBV), has for long been shown to dramatically increase the risk of liver cancer (Beasley et al., 1981) . According to the World Health Organization (Kane, 1998) , persistent HBV infection aects 350 000 000 humans worldwide and this ®gure will likely increase due to the lack of fully-and cost-eective anti-viral treatments.
HBV is the prototype of the hepadnavirus family, which includes viruses infecting woodchucks (WHV), ground squirrels (GSHV) and more distantly related members, infecting avian species (reviewed by SchoÈ del et al., 1989) . Mammalian hepadnavirus genomes contain a unique regulatory gene termed X, which has no homolog in the non-oncogenic avian viruses. The X gene product, also referred to as HBx in HBV, WHx in WHV and GSHx in GSHV, is a small protein (*17 kDa). It shows no obvious similarity with other known viral or cellular proteins, which might be indicative of a function. The ®rst recognized property of X protein was its ability to modestly stimulate the transcription from various upstream regulatory elements (reviewed by Rossner, 1992) . Because X protein does not show any speci®c DNAbinding activity, its transactivation activity has to be mediated by interactions with host proteins. Strikingly, rodent hepadnavirus X proteins, which share only 50% identity with HBx, conserve transactivation activity in a human cellular background (Colgrove et al., 1989) , consistent with the recruitment of cognate cellular partners by X proteins of distinct viral origins. However, which of the multiple and unrelated cellular proteins reported to speci®cally interact with X, represent genuine partners of the viral protein, has not been yet clari®ed (reviewed by Yen, 1996) . Similarly, the cellular pathways targeted by the viral protein to achieve transcriptional transactivation are a matter of debate. Indeed, in several studies, X has been reported to directly act on the transcriptional machinery (Cheong et al., 1995; Haviv et al., 1996; Lin et al., 1998; Maguire et al., 1991) . In others, X appears to act far more upstream, by modulating the signal transduction cascade in the cytoplasm (Benn et al., 1996; Chirillo et al., 1996; Henkler et al., 1998; Kekule et al., 1993; Klein and Schneider, 1997; Lee and Yun, 1998; Su and Schneider, 1996) . In addition to its widely documented transactivation activity, X has been reported to interfere with DNA repair (Becker et al., 1998; Wang et al., 1994) , cell cycle control (Benn and Schneider, 1995) and apoptosis (Bergametti et al., 1999; Chirillo et al., 1997; Kim et al., 1998; Su et al., 1998) . However, the functional connections between these activities and the cellular Xbinding proteins are still missing.
In an earlier study, we showed that the human protein, termed UVDDB for UV-damaged DNAbinding protein, met several criteria expected for a role in X-mediated transactivation. In particular, UVDDB-HBx interaction is strongly aected by mutations known to abolish HBx-mediated transactivation and human UVDDB also interacts with WHx and GSHx proteins (Sitterlin et al., 1997) . However, there was no further clue for the biological relevance of UVDDB-X interaction, since no function has been proposed for UVDDB, besides a still elusive role in nucleotide excision repair (Hwang and Chu, 1993; Takao et al., 1993) . In the present study, we designed a genetic screen to isolate WHx substitution mutants with signi®cantly altered UVDDB-binding. Loss-of-binding and gain-of-binding WHx mutants turned out to be cis-inactive with respect to both transactivation and proapoptosis. However, the latter type of mutant exerted trans-dominant negative eects on wild type X activity and speci®cally accumulated in cell nucleus. In cells constitutively expressing low levels of wild type X protein, overexpression of UVDDB stimulated X transactivation activity and decreased clonogenic survival. Taken together, our results indicate that UVDDB-X interaction represents a functional upstream step in in vitro X-mediated eects, which also may control intranuclear location of the viral protein.
Results

Isolation of WHx mutants affected in UVDDB-binding
Our goal was to examine the biological impact of WHx mutations selected for a phenotype of altered interaction with UVDDB. To this aim, we created a library of random WHx mutants in the following way: we ®rst ampli®ed the WHV X gene by PCR performed in conditions known to increase the mutation rate of Taq polymerase with minimal bias in the mutation distribution (Cadwell and Joyce, 1992) . Cloning the PCR fragment into the yeast two-hybrid plexA plasmid then generated a library of random WHx mutants. Sequencing analysis of WHx insert from 20 randomly selected clones indicated an average rate of three amino-acid changes per mutant and allowed us to determine a basal distribution pro®le of mutations along the molecule ( Figure 1A , left diagram). We next performed a twohybrid screening experiment of the library co-transformed with a prey vector encoding UVDDB fused to the GAL4 activation domain. Of 4500 yeast cotransformants, assayed in situ for b-gal activity, about 200 colonies showed an aected phenotype, as judged by a blue staining clearly distinct from that obtained with wild type WHx. We avoided selection of white colonies, which had a high probability of expressing truncated WHx proteins due to the occurrence of a premature stop codon. The corresponding bait vectors from 15 representative clones were rescued into E. coli and transformed back into yeast, together with the UVDDB prey plasmid. Quantitative b-gal assays performed with these transformants indicated that interaction was increased 3 ± 10-fold for 3 WHx mutants and decreased 3 ± 30-fold for the 12 others (data not shown). In these variants, mutations tended to cluster in the 80 ± 100 region ( Figure 1A , compare left and right panels). Therefore this WHx segment, close to the carboxyterminal boundary of the UVDDB-interacting domain, that we mapped to residue 100 in WHx (data not shown) and to residue 101 in HBx (Sitterlin et al., 1997) , likely contained residues critical for the binding to UVDDB.
In order to con®rm the above hypothesis, we created single and double substitution WHx mutants by sitedirected mutagenesis at positions frequently mutated in the initial variants. As shown in Figure 1B 7 of the 13 engineered mutants led to a signi®cantly decreased interaction (b-gal signal 530% of that obtained with the wt protein). In contrast, one mutant, namely WX1, showed markedly increased interaction, as compared to the wt protein. The possibility that these phenotypes merely re¯ected alteration in protein stability was ruled out by analysis of WHx mutant expression in yeast ( Figure 1B) . Thus, we infer that V72, N86, H91 and Q95 are critical for proper binding to UVDDB ( Figure  1B) . Finally, when combined, several mutations had severe eects, the most dramatic example being the double substitution N86D and Q95H in WX15, that completely lost detectable binding to UVDDB. Remarkably, among residues that appear critical for UVDDB-binding, only N86 is conserved in HBx, suggesting that proper interaction with UVDDB is determined at the tertiary structure level rather than at the primary sequence level.
We next selected 6 representative WHx mutants for further characterization. In the L40 reporter yeast strain used in these experiments, another reporter gene, i.e. the his3 gene, is available for monitoring protein-protein interactions. The threshold of his3 gene activity, required for growth of the co-transformants in medium lacking histidine, can be arti®cially increased by addition of 3-aminotriazole (3-AT), providing a semi-quantitative assay of interaction. For a better comparison of the interaction of the WHx mutants with UVDDB, the assay included the HBx protein encoded by HBV, as well as three previously characterized HBx insertion mutants M7 and M11, which show severely decreased interaction and M9 that conserves ecient interaction (Sitterlin et al., 1997) . As shown in Figure 1C results of this growth assay were fully consistent with those of the b-gal assay, allowing us to arrange the mutants in a relative order. When co-expressed with UVDDB, WX15 mutant was unable to support growth in medium lacking histidine, thus being even more aected than HBx M11 was. WX2 and WX3 mutants like HBxM7, weakly interacted with UVDDB. WX6 mutant displayed an intermediate phenotype whereas, WX7 showed a close-to-wt phenotype. Finally, WX1 interacted signi®cantly more eciently with UVDDB than wt WHx and was a slightly better interactor than wt HBx protein.
To con®rm the validity of the results obtained by the yeast two-hybrid assay, we next examined the UVDDB interaction pro®le of two representative WHx mutants in the expression context of mammalian cells. As expected, the gain-of-binding WX1 mutant formed a much more stable complex with UVDDB than the lossof-binding WX3 mutant (Figure 2 , compare lanes 3 and 4).
UVDDB-X interaction is involved in X-mediated transactivation
We previously reported that in a panel of HBx insertion mutants (Runkel et al., 1993) , all mutants showing loss of transactivation potential also showed strongly decreased UVDDB-binding (Sitterlin et al., 1997) We therefore addressed the reciprocal correlation: would a loss-of-binding to UVDDB phenotype result in loss of transactivation activity? Human 293 cells were co-transfected with a reporter plasmid driven by the X-responsive SV40 enhancer-promoter element (Rossner, 1992) and the pSVK3 expression plasmid, either empty or carrying a given X allele. The experiment was performed four times with similar results and one representative experiment is illustrated in Figure 3A . Expression of wt WHx or of wt HBx resulted in a fourfold induction of reporter activity. As expected from the previous functional characterization of HBxM11 and HBxM9 (Runkel et al., 1993) , the former did not stimulate reporter activity whereas, the latter conserved wt transactivation activity. WX1, WX2, WX3 and WX15 mutant proteins showed no detectable transactivation activity. In contrast, WX7 mutant retained the ability to transactivate the reporter to a close-to-wt level. WX6 mutant reproducibly gave rise to a weak induction of reporter activity. Wt and mutant WHx proteins accumulated in similar amounts ( Figure 3A ), excluding again that dierential stabilities were responsible for the dierent transactivation phenotypes. Thus, a signi®cant alteration in UVDDBbinding eciency (either markedly increased or markedly decreased interaction) was associated with loss of transactivation capacity. Since intracellular concentration of interaction partners is predicted to modulate formation of the corresponding protein complex, we next examined the eect of UVDDB overexpression on the constitutive X transactivation activity shown by the WT1 cell line, which expresses low levels of active HBx (Bergametti et al., 1999) . Transient overexpression of UVDDB stimulated expression of an X-responsive reporter, speci®cally in cells expressing active HBx ( Figure 3B ). When taken together, the results shown in Figure 3 indicate that ability of X protein to engage a proper interaction with UVDDB modulates its transactivation activity.
X-UVDDB interaction is involved in X-mediated apoptosis
Others and we have previously shown that X protein potentiates the apoptotic response of the recipient cell Comparative analysis of WHx substitution mutants and HBx insertional mutants for the binding to UVDDB. The indicated bait proteins were assayed for interaction with UVDDB and PRP21 prey proteins, using the his3 gene reporter. HBx-M7, -M9 and -M11 are previously characterized HBx insertional mutants (Runkel et al., 1993; Sitterlin et al., 1997) , whereas PRP21 is a yeast protein known to interact with PRP9. Yeast double transformants were spotted at high (h) or low (l) density, on the indicated medium. H: histidine, 3-AT: 3-aminotriazole. Results obtained using the lacZ reporter gene (right) are expressed as in (B) (Bergametti et al., 1999; Chirillo et al., 1997; Kim et al., 1998; Su and Schneider, 1997) although both the underlying mechanism and the biological signi®cance of these eects are still elusive. Moreover, in several studies, HBx overexpression has been shown to directly trigger apoptosis, resulting in strong suppression of colony formation (Chirillo et al., 1997; Kim et al., 1998) . In agreement with the latter observations, transfection into CCL-13 cells of an episomic vector (pDR2) carrying the wt WHx gene, reduced eciency of hygromycin-resistant colony formation, in a dosedependent way ( Figure 4A ). We previously reported that in the WT1 cell line, constitutive expression of low level of active HBx results in increased susceptibility to apoptosis (Bergametti et al., 1999) . Consistent with this ®nding, WHx-mediated toxic eect was enhanced in WT1, as compared to CCL-13 ( Figure 4A ). Furthermore, transfection of an episomic vector driving UVDDB expression signi®cantly decreased clonogenic survival of WT1 cells, whereas it had no eect on the CCL-13 parental cells ( Figure 4B ). Therefore, Xmediated cytotoxic eects showed dose-dependence with respect to both the viral protein and its binding host counterpart.
We next assessed the proapoptotic phenotypes of the dierent WHx mutants, taking advantage of the sensitivity provided by the clonogenic assay performed in WT1 cells. Figure 5A illustrates the results of one such assay out of three independent experiments that gave rise to identical pro®les. Expression of wt WHx protein had a dramatic eect on cell survival (100-fold decrease in colony formation eciency). Expression of WX7 and WX6 mutants reduced colony formation eciency 10-and threefold respectively whereas, expression of all other mutants had only marginal eects ( Figure 5A ). In addition, the high transfection eciency conferred by pDR2 episomic vector allowed us to select populations of stably transfected cells from the same transfection experiments. Wt WHx as well as WX7 proteins were undetectable whereas, all other mutants were readily expressed. In addition, the number of plasmid copies, that could be rescued from transfected cells back into E. coli, was signi®cantly lower for WHx and WX7 expression constructs than for other mutant constructs (10-and threefold less respectively). Taken together, these observations in- Figure 2 Dierential UVDDB-binding phenotype of WHx mutants is conserved in mammalian cells. A stable cell line expressing a FLAG epitope-tagged UVDDB protein (UVDDB-FLAG) was derived from CCL-13 cells. This recipient cell line was then used to establish new stable cell lines expressing chimeric proteins consisting of a protein A IgG-binding domain (ZZ) fused to either WX1 (ZZ-WX1) or WX3 (ZZ-WX3). Crude protein extracts (lanes 1 and 2) or proteins speci®cally retained on rabbit IgG sepharose beads (lanes 3 and 4) were analysed by Western blotting using rabbit -polyclonal anti-FLAG, which simultaneously revealed UVDDB-FLAG and ZZ-WHx fusions via the FLAG antibody binding site and the IgG Fc moiety respectively (Bergametti et al., 1999) , were cotransfected with a luciferase reporter gene driven by CRE regulatory elements (CRE-luc), and either empty pcDNA3 vector or pcDNA3-UVDDB. Shown are the results of two independent experiments expressed as normalized luciferase activity in WT1 relative to that in CCL-13 cells dicate that, in the case of wt WHx and WX7 cell survival requires strong counter-selection of viral protein expression. Strikingly, the HBx minimal UVDDB-binding domain (AA 66 ± 101) (Sitterlin et al., 1997) although inactive by itself, was sucient to restore proapoptotic activity to the WX3 mutant, when fused at its Nterminus ( Figure 5B) . Therefore, the UVDDB-binding domain behaved as functional module and we conclude that de®cient UVDDB-binding rather than mere alteration in protein folding provides the basis for loss-of-function in WX3.
When taken together, the results shown in Figures 3 ± 5 substantiate a tight correlation between X protein transactivation activity, its negative eect on cell survival and its ability to engage a productive interaction with UVDDB.
Gain-of-binding WX1 mutant exerts a dominant negative effect on wt WHx-induced apoptosis The WX1 mutant, which showed increased interaction with UVDDB, could not be discriminated in cis from the loss-of-binding mutants with respect to both transactivation and proapoptotic eects (Figures 3  and 5) . We next investigated whether wt WHx activity was aected by the co-expression of the dierent classes of mutants. To this end, we performed clonogenic assays in CCL-13, after co-transfection of pDR2-WHx with pDR2 constructs encoding non-toxic WHx mutants. When empty pDR2, pDR2-WX2 and pDR2-WX3 were co-transfected with increasing amounts of pDR2-WHx, identical curves of colony formation eciency were obtained (data not shown and Figure 6 ). In contrast, colony survival was signi®cantly increased when WX1 was co-expressed with wt WHx (Figure 6 ). Extrapolation from the curves shown in Figure 6 , indicated that a 50% reduction in colony formation was reached with 5 mg of pDR2-WHx when co-transfected with pDR2-WX1, versus 0.5 mg when co-transfected with pDR2-WX2 or pDR2-WX3. Thus, the increased UVDDB-binding shown by WX1 is associated with a trans-dominant negative phenotype whereas the decreased UVDDBbinding shown by the other mutants results in both cis and trans loss-of-function.
UVDDB-binding capacity modulates intracellular distribution of X protein
In transient expression assays, wt WHx protein appeared to localize to both nucleus and cytoplasm, whereas distribution of the WX1 and WX3 mutants were restricted to nucleus and cytoplasm respectively ( Figure 7A ). In stable cell lines established with episomic constructs coding for non-toxic mutants, the same striking dierences in distribution pro®les were observed. Thus, WX1 mutant, which shows both increased binding to UVDDB and trans-dominant negative eects, accumulated in the nucleus, in contrast to the loss-of-function WHx mutants WX3, WX2 and WX15, that predominantly localized to the cytoplasm ( Figure 7B and data not shown).
Discussion
Productive interaction with UVDDBp127 is required for X-mediated activities
We demonstrate in the present study that proper interaction between the cellular protein UVDDB and the regulatory X protein encoded by mammalian hepadnaviruses is crucial for the in vitro activities of the viral protein, namely transcriptional transactivation and proapoptosis. As a ®rst step, we performed a two-hybrid screening experiment of random WHx mutants, for altered interaction with UVDDB. Sequencing analysis of the selected variants allowed us to identify a short WHx region, that was preferentially targeted by mutations. Using this information, we then created single and double substitution WHx mutants by site-directed mutagenesis. As summarized in Table 1 , the resulting mutants fell within three classes with respect to their UVDDB-binding phenotype: markedly increased binding (class 1), close-to-wt binding (class 2) and strongly decreased or abolished binding (class 3). Remarkably, transactivation potential and proapoptotic activity segregated together (Table 1) , strongly suggesting that they are functionally linked. Speci®cally, class 2 mutant showed a near wild-type phenotype for both activities, in contrast to class 1 and class 3 mutants, which behaved as loss-of-function mutants. However, class 1 and class 3 WHx mutants could be further functionally discriminated, when assayed for their trans-eects: Figure 6 Gain-of-binding WX1 mutant exerts a dominantnegative eect on wild type WHx-mediated cytotoxicity. CCL-13 cells were co-transfected with a constant amount (10 mg) of the indicated pDR2 constructs and increasing amounts of pDR2-WHx constructs. The DNA amount was kept constant by addition of empty pDR2 vector DNA. Colony formation was analysed as in Figure 4 Figure 7 Gain-of-binding and loss-of-binding WHx mutants display distinct subcellular distributions. (A) CCL-13 cells were transiently transfected with the indicated pCT152 episomic constructs and the dierent WHx isoforms fused to the HA epitope were revealed by indirect immuno¯uorescence with a mouse monoclonal anti-HA antibody (green) (B) CCL-13 and derived cell lines stably expressing the indicated WHx mutants were labeled with propidium iodide (PI; left panel), that speci®cally stains the nucleus (red). The WHx proteins were revealed in green (middle panel). Nuclear localization of WX1 appears in yellow in the two-color merge image shown in the right panel expression of class 1 mutant signi®cantly protected cells from wt WHx-mediated toxicity, whereas class 3 mutants were without any eect. Thus, the class 1 mutant showed a dominant-negative phenotype, which most likely re¯ects its ability to eciently compete with wt WHx for UVDDB-binding. That engagement in a productive interaction with UVDDB is a functional requirement for X activities is further supported by several other observations: (i) overexpression of UVDDB stimulated both transactivation and proapoptosis functions of wt X protein; (ii) the dominant negative eect of class 1 mutant could be relieved by UVDDB overexpression (data not shown); (iii) ectopic fusion of a minimal wt type UVDDB-binding domain restored proapoptotic activity of a WHx mutant de®cient in UVDDB-binding. The latter observation further suggests that the UVVDB-binding domain represents a functional module, which can act autonomously within the X molecule.
Interaction with UVDDB represents an upstream step in X mode of action and modulates nuclear targeting of the viral protein Importantly, the minimal domain necessary for HBxmediated transactivation that was previously mapped to region 58-140 (Kumar et al., 1996) extends downstream of the UVDDB-binding domain, which ends around residue 100 in both HBx and WHx ( (Sitterlin et al., 1997) and this study). Therefore, in addition to interaction with UVDDB, X carries at least one other activity. Regardless of its nature (e.g. catalytic activity or recruitment of other host proteins), this second activity has to lie downstream of the UVDDB-binding step. Indeed, such a hierarchy accounts for the observation that the class 3 mutants (loss-of-binding to UVDDB) do not show any eect when co-expressed with the wt protein. We previously reported that the HBx M7 insertion mutant, which is de®cient in UVDDB-binding, was impaired in the transactivation of functionally distinct X-responsive elements, including AP1, CREB and NF-kB (Bergametti et al., 1999) . This observation is not only consistent with UVDDBbinding as a prerequisite in X function, but also leaves open the possibility that after the UVDDB-binding step, X targets dierent cellular pathways, as widely suggested (reviewed by Yen, 1996) . In this respect, our ®nding that class 1 gain-of-binding mutant accumulated in the cell nucleus, in contrast to loss-of-binding class 3 mutants which remained cytoplasmic, supports the existence of a nuclear translocation step of the viral protein that would depend on its association with UVDDB. Interestingly, UVDDB itself, that alike X lacks a nuclear translocation signal, was shown to be translocated to the nucleus only when bound to another protein (DDB2p48) (Shiyanov et al., 1999) . Taken together with our own data, these observations may provide an explanation for the rather con¯icting results reported for the subcellular distribution of wild type X protein (Dandri et al., 1998; Doria et al., 1995; Su et al., 1998) . Indeed, steady state intracellular distribution of the viral protein may well vary, depending on the relative concentrations of three protein components: X, UVDDBp127 and DDB2p48.
Potential role of X-UVDDB interaction
The role of X-UVDDB interaction in mechanistic terms is still a matter of speculation. Although UVDDB is suspected to play a role in nucleotide excision repair (NER) (Takao et al., 1993) , we could not reveal an impact of X expression on this cellular function (Bergametti et al., 1999) . Furthermore, despite extensive attempts, we found no qualitative or quantitative eect of X protein on UVDDB-binding to UV-irradiated DNA, even with the class 1 WHx mutant (data not shown). Therefore, there is so far no evidence that UVDDB activity is modulated by X protein. We therefore rather propose the converse hypothesis in which UVDDB would modulate X function by acting similarly to a molecular chaperone. The modi®cations required for acquisition of an active state (which may include post-translational modi®ca-tion and/or recruitment of dierent host proteins) could occur only when X protein is correctly bound to UVDDB. Thus, severely decreased binding (class 3 mutants) would prevent these modi®cations to occur, leading to cis-inactive molecules. The cis loss-offunction shown by class 1 mutant is less obvious to explain. One possibility is that higher anity of this mutant for UVDDB might lead to a structural alteration, incompatible with downstream modi®ca-tions of X molecule. In contrast, trans-dominant negative phenotype of class 1 mutant is easily accounted for by its ability to eciently compete with wt X protein for UVDDB-binding. A speculative model accounting for these hypotheses is presented in Figure 8 .
Of note, Weil et al. (1999) recently reported a piggyback nuclear import mechanism of X protein, that involved its interaction with IKB inhibitor (IKBa) and led to nuclear accumulation of the latter (Weil et al., 1999) . Interestingly, IKBa is not autonomous in its nuclear import but rather depends on an association with other proteins to reach the nucleus (Turpin et al., 1999) . Therefore, a possibility consistent with both our We have previously shown that interaction between X protein and the host protein UVDDB is conserved among HBV, WHV and GSHV (Sitterlin et al., 1997) , which are genetically closely related, although showing distinct host speci®cities. Of these three viruses, WHV is the only one, which oers the possibility of assaying infectious potential of genetically engineered viruses. The mutant X alleles characterized here allowed us to further explore the role of X-UVDDB interaction in in vivo viral replication (see Sitterlin et al., 2000) .
Materials and methods
Plasmid constructs
The pACT-XAP1 plasmid, referred to here as pACT-UVDDB, has been previously described (Lee et al., 1995) . All WHV sequences were derived from pWHV8, that contains a full-length genome from the WHV8 infectious viral strain, (Girones et al., 1989) . Numbering starts from the ®rst A of the unique EcoRI site. The previously described plexA-WHx plasmid (Sitterlin et al., 1997) expresses a fusion protein consisting of the LexA moiety, a HA epitope and the WHx protein. The WHV X gene (positions 1503 ± 2534) was cloned into the pACT II vector (Clontech) at the NcoI ± BamHI sites, generating pACTII-WHx. After deletion of the internal SacI ± SacI fragment of pACTII-WHx, the NheI ± XhoI fragment was subcloned into the mammalian expression vector pSVK3 (Pharmacia) at the XbaI ± XhoI restriction sites, generating pSVK3-WHx. Site directed mutagenesis of the X gene was carried out with the Quickchange kit (Stratagene) using pSVK3-WHx as template and 24 mer mutagenic oligonucleotides, generating the following series of WHx mutants: WX1 (T1717A), WX2 (G1757A, A1758G), WX3 (A1773G), WX4 (T1795C), WX5 (A1800T), WX6 (A1787T), WX7 (A1786G, A1787T), WX8 (G1801A), WX11 (A1773G, A1800T), WX12 (T1795C, A1800T), WX13 (T1795C, G1801A), WX14 (A1787T, A1800T), WX15 (G1757A, A1758G, A1787T), WX16 (G1757A, A1758G, A1800T), WX17 (A1787T, T1795C). The SacII ± NsiI fragments (positions 1593 ± 1910) in the WHV genome were sequenced for each mutant plasmid and cloned back into pSVK3-WHx. The same fragments were also used to introduce the mutations into plexA-WHx. For the generation of WHx expression constructs in an episomic vector, the inserts of the pSVK3 constructs were retrieved by BamHI ± XhoI digestion and subcloned at the BamHI and SalI restriction sites of pDR2 (Clontech). The UVDDB FLAG insert was retrieved from pcDNA3-UVDDB-FLAG (Sitterlin et al., 1997) and inserted into the pDR2 vector at the BamHI site. pCT152, another episomic vector modi®ed from pCEP4 (Invitrogen) was used to construct WHx fusions to the ZZ synthetic domain of protein A and to the HBx [66 ± 101] domain.
Construction of a random WHx mutant library
The WHx gene was PCR-ampli®ed in mutagenic conditions (Cadwell and Joyce, 1992) , using 7 ng of plexA-WHx template and primers located upstream and downstream of the WHx ORF (5'-CTGGAATTCATGGCTTACCCATAC-3' : 5'-ATAGGGATCCATGTCCATGCCCCA-3'). After digestion with EcoRI and BamHI, the PCR-product was cloned into the plexA plasmid, generating a library of 200 000 independent clones. Library DNA was directly prepared from the colonies scraped o the plates.
Two-hybrid assays
Screening of the random WHx mutant library was performed as follows: The L40 yeast recipient strain (Hollenberg et al., 1995) was transformed by pACT-UVDDB and a transformed colony was established in medium lacking leucine (-L). The resulting L40 [pACT-UVDDB] strain was then transformed with library DNA and plated on medium lacking leucine and tryptophane (-LW). A qualitative b-galactosidase (b-gal) assay was performed on lifts prepared from the doubletransformants. About 200 clones, showing a staining signi®cantly dierent from that of control transformants expressing wild-type WHx protein, were isolated on -LW plates. After a secondary screening in the same conditions, the plexA-WHX plasmid from 15 clones was rescued into E. coli and was retransformed into L40 [pACT-UVDDB] for con®rmation of the phenotype. Quantitative b-gal assays were carried out as previously described (Transy and Legrain, 1995) . For quantitative analysis of His 3-reporter activation, yeast cell suspensions were spotted on plates lacking leucine, tryptophane and histidine (-LWH) supplemented with various concentrations of 3-aminotriazole (3-AT). Growth was monitored after 2 ± 4 days incubation at 308C. Yeast protein extracts were performed as described (Transy and Legrain, 1995) .
Transient transfection experiments
All cell lines were grown in Dulbecco-modi®ed Eagle medium supplemented with 10% fetal calf serum, 2 mM glutamine and antibiotics in a 5% CO 2 -supplemented atmosphere. For transient assays of X-mediated transactivation, 293 cells were seeded 6 h before transfection at 10 6 cells per 6 cm-diameter dish. Cells were exposed 18 h to a calcium phosphate DNA precipitate containing 200 ng of pCH110 b-gal reporter plasmid (Pharmacia) and 500 ng of pSVK3 vector, either empty or expressing wild-type or mutant X proteins. b-gal enzymatic activities were measured 36 h post-transfection Figure 8 Model of UVDDB-X interaction as a driving step in X activity. Wt protein or class 2 mutant (C2) engages a productive interaction with UVDDB, which makes it susceptible for subsequent modi®cations, either in the cytoplasm (checkered circle) or in the nucleus (black circle) following nuclear import of the complex. As a result, X protein acquires an active state and upregulates transcription by acting indirectly or directly on the transcriptional machinery (hatched arrows). Class 3 mutants (C3), which are unable to bind UVDDB, remain inactive in the cytoplasm. Due to its ability to form a tight complex with UVDDB, class 1 mutant (C1) is inaccessible to further functional modi®cations (cis-inactive molecule), but competes with wt X protein (trans-dominant negative eects) and is also eciently piggyback-imported into the nucleus from duplicate cell cultures transfected with independently made-up DNA precipitates. For expression analysis of WHx proteins, Chang cells (CCL-13 in the American Tissue Culture Collection) were seeded at 1.5610 6 cells per 10 cmdiameter dish and were transfected with pSVK3 constructs (10 mg). Total proteins were extracted 36 h post-transfection in 1 ml RIPA buer (50 mM Tris-HCl pH 8, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% DOC and protease inhibitors). Transactivation experiments in CCL13 and WT1 cells were performed and quanti®ed as previously described (Bergametti et al., 1999) , using co-transfection of a luc reporter driven by CRE elements, a b-gal reporter internal standard and 500 ng of either empty pcDNA3 or pcDNA3-UVDDB.
Stable transfection experiments
CCL-13 cells or WT1 cells (Bergametti et al., 1999) were seeded at 10 6 cells per 10 cm-diameter dish, the day before transfection. After exposure for 18 h to a DNA precipitate containing episomic plasmid construct (10 mg), cells were washed and grown for 24 h in normal medium before being harvested. For establishment of stably transfected cell lines, 0.5 10 6 cells were seeded per 75 cm 2 -¯asks. For colonyforming assays, serial dilutions of the transfected cell populations were plated in normal medium in 10 cm-diameter dishes. After one further day in normal medium, cells were grown for 10 days in selective medium containing 0.5 mg/ml hygromycin. The established cell populations were further propagated in medium containing 0.2 mg/ml hygromycin. The number of hygromycin-resistant colonies in the colonyforming assays was estimated after Giemsa staining.
Immunoprecipitation and Western blot analyses
Cells were lysed in s.d. buer (50 mM Tris-HCl pH 7.5; 0.15 M NaCl; 1% NP40) in the presence of protease inhibitors. For immunoprecipitation of ZZ fusion proteins, cell lysates were incubated with rabbit IgG sepharose beads (Pharmacia) for 15 h at 48C. Beads were washed twice in s.d. buer and twice in s.d. buer containing 1 M NaCl. Proteins were recovered from the beads by elution with 0.1 M GlyclinHCl buer pH 2.5 containing 0.15 M NaCl, followed by neutralization with 1.5 M Tris-HCl pH 8.8. Western blot analyses were performed as previously described (Sitterlin et al., 1997) . Rabbit polyclonal anti-FLAG antibodies (Santacruz) simultaneously revealed UVVDB-FLAG and ZZ-WHx fusions. WHx proteins were revealed with the monoclonal anti-HA antibody (12CA5), when expressed in yeast and with either a polyclonal rabbit anti-WHx antibody (kindly provided by WS Mason) or the monoclonal anti-HA antibody (16B12) from BabCo, when expressed in human cells.
Immunofluorescence assays
Cells were grown 2 days on coverslips, ®xed with 3.7% paraformaldehyde in phosphate buer saline (PBS) and permeabilized in PBS containing 0.5% Triton X100. The subcellular localization of WHx was analysed with the antiWHx antibody used at a 1 : 500 dilution or with the monoclonal 16B12 anti-HA antibody used at a 1 : 1000 dilution. FITC conjugated secondary antibodies (Sigma) were used at a 1 : 200 dilution. Staining of the nuclear compartment was performed by incubation of cells with 25 mg/ml RNase A and 5 mg/ml propidium iodide. Stained cells were examined with a confocal scanning microscope.
